The past years have seen a huge increase in the power conversion efficiency of metal halide perovskite-based solar cells going from 3.8^[@ref1]^ to 22.1%.^[@ref2]^ The 2.2 eV band gap^[@ref3]^ makes methylammonium lead bromide (MAPbBr~3~) a possible candidate to serve as a photoactive layer in a top cell of a multijunction solar cell.^[@ref4]^ The present record efficiency of a perovskite/Si tandem cell amounts to 23.6%(monolithic tandem)^[@ref5]^ and 26.4% (mechanically stacked tandem)^[@ref6]^ and is expected to reach efficiencies exceeding 30%. Open-circuit voltages^[@ref3],[@ref7]−[@ref15]^ (*V*~OC~) of 1.5 V^[@ref8],[@ref15]^ have been demonstrated for single-junction solar cells based on MAPbBr~3~, and the best efficiency reported amounts to 11.4%.^[@ref10]^ However, this *V*~OC~ is still ∼0.3 V lower than possible on the basis of its band gap.

Therefore, to transform MAPbBr~3~ into a valuable solar energy material for a multijunction subcell, the photovoltaic properties should be improved. To this end, more insight into the generation and recombination dynamics of free charges in MAPbBr~3~ is essential. From absorption spectra recorded at different temperatures,^[@ref14]^ an excitonic contribution has been observed throughout the three different crystal phases^[@ref16]^ of MAPbBr~3~, for which an exciton binding energy (*E*~ex~) of 40 meV was extracted.^[@ref17]^ However, a smaller *E*~ex~ of 15 meV is reported by Tilchin et al. obtained by microphotoluminiscence.^[@ref18]^ In addition, MAPbBr~3~ has also been studied by magnetoabsorption,^[@ref19]^ yielding an *E*~ex~ of 25 meV.^[@ref20]^ Considering that these values are close to thermal energy at room temperature and somewhat larger than those reported for MAPbI~3~^[@ref17],[@ref21]^ optical excitation might yield excitons at the cost of charge carriers. Temperature-dependent current--voltage characteristics show that for the performance of solar cells based on MAPbBr~3~ not only Shockley--Read--Hall (SRH) recombination but also surface recombination plays a crucial role.^[@ref9]^ Transient reflectance spectroscopy has been used to obtain the surface recombination velocity of MAPbBr~3~, and the results suggest that the minimum domain size required to avoid the influence of surface recombination is 30 μm.^[@ref22]^ Hence, apart from losses due to exciton formation, SRH and surface recombination lead to rapid decay of charge carriers and are presumably the main reasons limiting the *V*~OC~ and hence the photovoltaic performance of MAPbBr~3~-derived solar cells.^[@ref9],[@ref23]^

So far, no specific research on the dynamics of mobile carrier generation in the three phases of MAPbBr~3~ is performed. In this work, we carried out complementary temperature-dependent photoinduced time-resolved microwave conductance (TRMC) and time-resolved photoluminescence (TRPL) measurements. With TRMC, only excess free mobile charges are detected (for more details, see the [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b01642/suppl_file/jz7b01642_si_001.pdf)), while TRPL yields information on both radiative recombination of free charges and radiative decay of excitons. Hence, the combination of TRMC and TRPL offers a full view on the generation and decay of excitons and charge carriers in MAPbBr~3~. For our study, we selected MAPbBr~3~ single crystals to eliminate the effects of grain boundaries and have a well-defined surface instead.^[@ref22],[@ref24]−[@ref27]^ From temperature-dependent single-crystal X-ray diffraction studies,^[@ref28]^ it is inferred that the transition from orthorhombic to tetragonal occurs at 144.5 K and that from tetragonal to cubic is at 236.9 K.^[@ref16],[@ref28]^ By combining information from TRPL and TRMC and additional modeling, we conclude that the low-energy emission in the cubic phase and that in the orthorhombic phase originate from radiative recombination of charges trapped at surface defects with mobile counter charges. From this work, it turns out that charges mainly decay via defect states, indicating that the wider band gap of MAPbBr~3~ contains far more states in the forbidden band gap than MAPbI~3~.

Single crystals of MAPbBr~3~ were synthesized according to previously reported methods.^[@ref24]^ A crystal of around 5 × 3 × 2 mm^3^ was mounted in a nitrogen-filled cryostat and illuminated using a pulsed excitation source at 405 nm. Emission spectra were recorded for different crystal phases at various indicated temperatures; see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. In the cubic crystal phase, the main PL peak at 548 nm is accompanied by a shoulder located at 580 nm, in line with previous reports.^[@ref29]−[@ref31]^ However, even without the shoulder, the PL emission is asymmetric, indicating the presence of at least three components in the emission spectrum, in agreement with Fang et al.^[@ref32]−[@ref34]^ This shoulder is not visible in the tetragonal phase. In the orthorhombic phase, two emission bands can be discerned: one at 550 nm and a second broad emission at about 620 nm. Note that even upon multiple cycles of heating and cooling this second emission peak at 620 nm emerges only in the orthorhombic phase, indicating that this feature is solely related to the orthorhombic phase. The position of the maximum of this second broad emission peak, however, changes from 618 nm at 77 K to 632 nm at 110 K. For thin MAPbBr~3~ films, similar features are observed, although relative intensities differ (see [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b01642/suppl_file/jz7b01642_si_001.pdf) Figure S1). This low-energy PL band has been observed before in metal halide perovskite films^[@ref35],[@ref36]^ and single crystals,^[@ref31]^ and surface defects are typically evoked to explain these typey of PL peaks.^[@ref31],[@ref35],[@ref37],[@ref38]^ It has been reported that the broader emission band was detected from a freshly cleaved single crystal and disappears after the crystal has been exposed to air,^[@ref31]^ and PL intensities and decay are subject to atmospheric conditions.^[@ref27]^ We should note that in our experiments the sample is measured and kept in a N~2~ atmosphere at all times.

![Photoluminescence (PL) emission spectra of a MAPbBr~3~ single crystal recorded at (a) 77, (b) 170. and (c) 260 K. The PL spectrum of the orthorhombic phase was normalized to unity. Other spectra are scaled by the same factor.](jz-2017-016426_0001){#fig1}

To further investigate the origin of the photoluminescence (PL), we measured the TRPL at the emission maximum of 550 nm, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a--c for the orthorhombic, tetragonal, and cubic crystal phases, respectively. The TRPL traces were measured at different indicated laser intensities. If the PL originates from second-order band-to-band recombination, a higher density will lead to an initially faster decay. However, although the excitation densities vary by almost a factor 10, the decay traces are on top of each other in the orthorhombic and tetragonal phases. In the cubic phase, the decay becomes slower upon increasing charge carrier densities, which is opposite to the trend expected for higher-order recombination. Consequently, for all three phases, it seems unlikely that the TRPL originates from second-order band-to-band recombination. Instead, we propose that the PL at 550 nm originates from first-order radiative decay of excitons, in line with previous results.^[@ref39]^

![Upper panels: Normalized TRPL of MAPbBr~3~ single crystals at 550 nm. Lower panels: To unity normalized photoconductance transients recorded at 500 nm. (a,d) Orthorhombic phase, *T* = 90 K; (b,e) tetragonal phase, *T* = 210 K; (c,f) cubic phase, *T* = 300 K.](jz-2017-016426_0002){#fig2}

To unravel the degree of exciton versus mobile charge carrier formation, we performed complementary TRMC measurements on the MAPbBr~3~ single crystal. TRMC traces were recorded for the three different crystal phases upon excitation at 500 nm, normalized to unity, and are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d--f. (See [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b01642/suppl_file/jz7b01642_si_001.pdf) Figure S2 for other temperatures.) Upon laser excitation, free mobile charges are generated, leading to a fast rise of the signal. The decay of the TRMC signal represents the reduction in the concentration of free charges by recombination and/or by immobilization in trap states. As can be observed for each phase, the TRPL decay is much faster than the TRMC decay. Besides, we see a large variation in PL decay kinetics throughout the three different phases, while this remains more or less identical in the TRMC signals. These observations suggest that the types of charge carriers responsible for the TRMC signal are not the same as those that give rise to the PL. Hence, this can be explained by assuming that part of the excitations yield excitons and only the remaining fraction is converted into free charges. To investigate how the charge carrier yield in this crystal is affected by temperature, we plotted the maximum of the photoconductance traces, which constitutes mobility and the yield of free charges (see [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b01642/suppl_file/jz7b01642_si_001.pdf) eq 2) as a function of temperature and compare those to the trend of the mobility determined previously (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}).^[@ref40]^ From here, we can conclude that the charge carrier yield gradually decreases by approximately a factor 4 in the orthorhombic phase at 140 K in comparison with the yield at room temperature. Exciton binding energies between 15 and 40 meV reported for MAPbBr~3~ could well explain this 4-fold reduction of the charge carrier yield. In addition, the increase in total PL yield with lowering temperatures, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, is in line with this. Finally, an increasing excitonic contribution in the absorption spectra of a thin film of MAPbBr~3~ with lowering temperature agrees with our findings. (See [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b01642/suppl_file/jz7b01642_si_001.pdf) Figure S3.)

![Maximum observed values of the photoconductance corrected for the incident number of photons (*I*~0~ = 2.8 × 10^12^/cm^2^) and sample area versus temperature. Left and right axes both cover 2 orders of magnitude to allow comparison. The excitation wavelength is 500 nm. The temperature-dependent mobility values measured by PR-TRMC are imported from the paper of Gélvez-Rueda et al.^[@ref40]^](jz-2017-016426_0003){#fig3}

Upon closer inspection of the TRMC data in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, we notice that the normalized TRMC traces recorded with different laser intensities are on top of each other, from which it is inferred that the recombination of free charges is (pseudo-)first-order. There are several explanations for this first-order recombination: in case the crystal is unintentionally doped, leading to a high concentration of background carriers, band-to-band recombination of excess carriers becomes pseudo-first-order. This process could lead to fast PL (as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a--c) but should then also lead to fast recombination of free charges. Because this is in contrast with the long-lived TRMC signals ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d--f), fast radiative band-to-band recombination with background carriers is unlikely. Alternatively, SRH recombination, enabled by states in the band gap or recombination by surface defects, might explain the first-order decay behavior. This is in contrast to previous research on MAPbI~3~ single crystals, showing that light-induced carriers exhibit typical band-to-band second-order recombination.^[@ref41]^ Those results indicate that single crystals of MAPbI~3~ contain fewer defect states than their bromide counterparts.

As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a, the two emission bands in the orthorhombic phase are visible, having an energy difference of around 0.25 eV. The width of the emission at 622 nm suggests that it is not excitonic in nature but originates from a manifold of energy levels within the band gap. More specifically, in case the emission at 622 nm would be excitonic (with an exciton binding energy of 0.25 eV), this would imply that hardly any carriers would be generated upon photoexcitation at low temperatures, which is not the case. Interestingly, the TRPL decay at 622 nm is much slower than that at 550 nm (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). Upon combining the PL decay at 622 nm and the TRMC decay measured at corresponding excitation wavelengths and energies, we observe a substantial overlap, except for the first 50 ns. This similarity on longer time scales implies that the decay of the carriers as measured by TRMC and the radiative decay as detected by PL at 622 nm have most probably the same origin. Moreover, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, the emission at 622 nm rises relatively slowly, extending over about 40 ns. Interestingly, this rise is slower than the PL decay at 550 nm. Hence, the emission at 622 nm cannot be explained by, for example, direct reabsorption of the emission at 550 nm.

![(a) Comparison of TRMC (red) and TRPL (green at 622 nm and black at 550 nm) signals at 90 K, orthorhombic phase. The TRMC trace is recorded using an excitation wavelength of 500 nm, while the excitation wavelength for the TRPL is 405 nm; the incident numbers of photons are 10^13^ and 4 × 10^12^/cm^2^, respectively. (b) Same traces as those in (a) on shorter time scales: note, the TRPL at 622 nm shows a slow 40 ns rise time. Dashed lines: calculated TRMC and TRPL by the model introduced in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}. (c) Comparison of TRMC (red) and TRPL (black at 546 nm and green at 580 nm) signals at 300 K, cubic phase.](jz-2017-016426_0004){#fig4}

To explain the similarity of the TRPL signal at 622 nm and the TRMC signal at 90 K, we suggest the following model depicted in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}. Upon optical excitation, a fraction of the absorbed photons generates mobile carriers, which directly contribute to the TRMC signal. Given the relatively high absorption coefficient^[@ref12],[@ref42]^ of the material at the excitation wavelengths used for both TRPL and TRMC, most of the charges are generated in proximity to the surface of the crystal. Surface states then act as a sink for conduction band electrons, which are rapidly trapped. We postulate that radiative recombination of these trapped electrons with mobile valence band holes leads to the broad 622 nm PL. We include in our model one-dimensional diffusion of charges.^[@ref32],[@ref34]^ Initially, the concentration gradient causes the diffusion of charges toward the bulk of the crystal. Depletion of both mobile electrons and holes in the region close to the surface causes local inversion of the concentration gradient, leading to diffusion of mobile charges from the bulk of the crystal toward the surface. The space- and time-dependent concentrations of free electrons (*n*~e~), free holes (*n*~h~), and trapped electrons (*n*~T~) are described by a set of coupled differential equations

![Proposed Kinetic Model for the Dynamics of Charges in the Orthorhombic Phase\
Upon pulsed excitation, either excitons (green) or charges are formed. Electrons diffuse in all directions and are trapped at the surface with rate constant *k*~in~. Trapped electrons, *n*~T~, decay with rate constant *k*~TE~ back to the valence band by emitting a photon at ∼622 nm. In principle, it is also possible that the reverse happens: Holes are trapped rapidly at the surface and decay with mobile conduction band electrons.](jz-2017-016426_0005){#sch1}

In this set of equations, *x* represents the distance from the surface. The generation rate of free charges, *G*(*x*,*t*), is determined by the temporal profile and by the penetration depth of the laser pulse. As photorecycling efficiency in MAPbBr~3~ single crystals is negligible (less than 0.5%),^[@ref33]^ we do not take this process into account. *D*~e~ and *D*~h~ are the diffusivities of electrons and holes derived from reported mobility values,^[@ref43]^ respectively. The trapping of free electrons at the surface and the recombination of free holes with trapped electrons are governed by the rate constants *k*~in~(*x*) and *k*~TE~(*x*), respectively. Assuming that the concentration of trap states in the region close to the surface is always much larger than the concentration of free electrons, the trapping rate depends only on the concentration of free electrons; the trapping process is therefore (pseudo-)first-order. On the contrary, the rate at which holes recombine with trapped electrons depends on the concentration of both species.

On the basis of the above kinetic model and using *k*~in~ = 5 × 10^9^ s^--1^ and *k*~TE~ = 1 × 10^--11^ cm^--3^ s^--1^, we simulate the TRMC and TRPL traces, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b (see details in [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b01642/suppl_file/jz7b01642_si_001.pdf) Simulation). The matching results suggest that due to the fast rate of trapping excited electrons are immobilized within a few nanoseconds from the laser pulse, leading to the fast initial decay of the TRMC trace. The slow rise of the PL signal at around 50 ns is the result of the slow recombination between holes and trapped electrons and the diffusion of charges toward the surface. Solving the system but neglecting the diffusional term does not yield such rise (see [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b01642/suppl_file/jz7b01642_si_001.pdf) Figure S4), suggesting that diffusion is critical for the slow ingrowth. Unfortunately, neither from our measurements nor from the modeling can we exclude that hole traps instead of electron traps lead to the observed radiation.

Next, we could speculate if the shoulder of the emission band at 580 nm in the cubic phase is also due to radiative recombination of electrons trapped at the surface with valence band holes. Therefore, we measured the TRPL of the emission peak at 546 and 580 nm, shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c at 300 K. Interestingly, the PL decay at 580 nm shows a long tail, which is absent in the decay taken at 546 nm, in agreement with previous work.^[@ref39]^ On basis of the discussion above, we might argue that the fast reducing PL is due to the decaying excitons, while the tail might find its origin in luminescent decay of trapped electrons. Upon comparing the TRPL tail with the TRMC decay recorded in the cubic phase, a striking similarity is visible (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c), which indicates that the PL at 580 nm of the PL spectrum of the cubic phase indeed originates from radiative decay of trapped charges. Although we could not discern a slow rise of the PL at 580 nm due to the low PL intensity, a recent paper shows that also here the PL exhibits a slow rise.^[@ref44]^ Obviously, for the tetragonal phase, there are no emissive surface defects, which could be ascribed to the fact that the trap states are above the conduction band edge or that the trapped electrons do not decay radiatively. From the results studied by density functional theory, along with photoemission and inverse photoemission spectroscopy,^[@ref45]^ these surface states could be ascribed to bromide vacancies or lead excess, as a result of MABr termination at the surface of MAPbBr~3~. In view of the similar PL spectra that we observe for thin films and single crystals, we deduce that the same surface states are also present in thin MAPbBr~3~ films and hence will also substantially affect the charge carrier dynamics. Because these states are related to the surface, passivation might be a viable route to improve the open-circuit voltage.

In this work, we used complementary TRMC and TRPL to reveal the dynamics of photoexcited charges in the three crystal phases of a MAPbBr~3~ single crystal. The conclusions are as follows: first, we find excitonic emission in each of the three phases, explaining the main emission band of the PL spectra at about 550 nm. From the TRMC measurements, we conclude that with lower temperature the charge carrier yield decreases by approximately a factor of 4. In contrast to higher-order band-to-band recombination observed in MAPbI~3~ single crystals, in the present crystals, we observe mainly first-order decay, which occurs via defects. In the orthorhombic phase, electrons get quickly trapped by surface defects with disperse energy levels located about 0.25 eV below the conduction band. Radiative decay of these electrons with valence band holes leads to similar TRMC and PL lifetimes. Furthermore, in the orthorhombic phase, the TRPL shows a slow rise, extending over several tens of nanoseconds. This can be explained and modeled by the period involved with transport and trapping of charges to the surface by diffusion. A similar phenomenon could be present in the cubic phase, although the traps are much more shallow.

From this work, it turns out that charges mainly decay via defect states located at the surface, indicating that the wider band gap of MAPbBr~3~ contains far more states in the forbidden band gap than MAPbI~3~. As in both MAPbBr~3~ single crystals and films surface states are governing the charge carrier dynamics, these surface states are expected to also play a crucial role in devices. Passivation of these surface states is a promising method to reach higher open-circuit voltages in MAPbBr~3~-based cells.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jpclett.7b01642](http://pubs.acs.org/doi/abs/10.1021/acs.jpclett.7b01642).Introduction of TRMC; complementary TRMC and calculation results; PL of thin films at the three phases; temperature-dependent transmission spectra; and experimental methods ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b01642/suppl_file/jz7b01642_si_001.pdf))

Supplementary Material
======================

###### 

jz7b01642_si_001.pdf

The authors declare no competing financial interest.

D.G. thanks the China Scholarship Council (CSC) for funding. D.B. received funding from M2i and FOM, which is part of The Netherlands Organisation for Scientific Research. E.M.H. gratefully acknowledges The Netherlands Organization for Scientific Research (NWO) Echo number 712.014.007 for funding.
